To realize the penetrator mission for icy objects in the solar system, the penetration dynamics into ice has been experimentally and numerically studied. In the experiments, the ogive/cylinder projectiles of the mass about 2.6 g were tested for the target made from water ice by the ballistic range at the impact velocity 100-350 m/s. The behavior of the projectile and target was observed by the high-speed video camera. The penetration trajectory was visualized by pouring the plaster into the crater. The empirical analysis model to describe the force acting on the body surface has been developed, based on the panel method and the shock wave analogy. It includes two parameters representing the effective speed of sound of crushed ice and the damping of the pitching motion. Fairly good agreement with the experiments was obtained with respect to the stop conditions of the penetrator by setting these parameters appropriately. The computational result assuming a flight model of the mass 14.9 kg and the impact velocity 300 m/s shows that the maximum deceleration G is in the same order as that for the lunar penetrator.
Nomenclature
 r x CG : position vector at center of gravity
Introduction
For exploration on and under the surface of a planet, a satellite, an asteroid or a comet nucleus, a penetrator seems promising, because it efficiently utilizes the kinetic energy of the orbital or interplanetary flight for penetration. Therefore the penetrator is suitable for a low-cost mission. 1) It is, however, quite difficult to understand the complicated dynamics of the penetration process and to appropriately design the penetrator body, which can survive under the severe impact force with several thousands of deceleration G. In Japan, The Japan Aerospace Exploration Agency (JAXA) has developed the penetrator into the lunar regolith for the LUNAR-A mission. 2) Though the mission was cancelled, the development of the penetrator body was successfully completed, based on the understanding of the characteristic features of the penetration dynamics into the lunar regolith by conducting a large amount of impact experiments. 2) On the other hand, the presence of ice in the solar system has been attracting our attention especially from a viewpoint of the origin of water and life. For icy objects in the solar system to be considered as a target of penetrator mission, it is strongly demanded to clarify the fundamental characteristics of the penetration dynamics into ice. From a viewpoint of the planetary science, the dynamics of the high-speed impact at ice has been extensively studied so far. 3) The shapes of the impactors mostly had small length-to-diameter ratio to simulate meteorites. For a slender body like a penetrator, the empirical penetration equation to roughly predict the penetration distance into ice is available. 4) However, the dynamics of the penetration process has not been clarified yet. Though the conceptual studies on the penetrators into the comet nucleus in the CRAF (Comet Rendezvous and Asteroid Flyby) mission 1) and into the Europan surface in the EJSM (Europa-Jupiter System Mission), 5) our understanding on the penetration dynamics into ice is insufficient for designing a penetrator for icy objects.
We have been investigating the fundamental characteristics of the penetration dynamics into water ice by conducting the ballistic range experiments at the impact velocity from 100 m/s to 350 m/s for various nose shapes including the LUNAR-A type. 6, 7) In the present study, the analysis model to reproduce the experimental results has been proposed, based on the numerical method developed for the LUNAR-A mission. 2, 8, 9) The major objectives of the present study are: 1) To develop the analysis model describing the penetration dynamics into an icy target by modifying that for the lunar regolith, and 2) To make preliminary prediction on the penetration dynamics into an icy object, assuming the flight model and impact conditions similar to the LUNAR-A penetrator. Figure 1 shows the schematic drawing of the ballistic range used in the experiments. The ballistic range consists of the high-pressure chamber, barrel, acceleration tube and the test chamber. From the upstream end of the acceleration tube, a penetrator model was set on the sabot made from the ABS or polycarbonate resin with the mass about 4 g, as shown in the figure. The penetrator was horizontally launched in the tube, and was forced to be separated from the sabot at the sabot separator plate having a hole with a diameter larger than the penetrator diameter and smaller than the sabot diameter. A rectangular block of water ice was set in the test chamber as a target. The distance between the exit of the tube and the target was 500 mm. The average size of a target block was 280mm(thickness) X 210mm(width) X 270mm(height) with variation of about 1cm. The pure water ice with specific gravity of 0.90-0.92 and porosity of about 1% was used for the experiments. It should be noted that the size of the target affects the characteristics of the penetration. Cracks formed after the impact at high velocities are expected to reach the outer surfaces of the target and the condition of the stress distribution in the target may become different from that in the case of the target with infinite size. In the present study, however, such effect is expected not to be significant, because good correlation was obtained between the penetration distance and the late-stage effective energy 10) over the range of the impact velocity considered here. 7) The behavior of the penetrator and the target was recorded by the high-speed video cameras (Nobby Tech. Ltd., Phantom Miro eX4 and Phantom Miro M310). The resolution, frame rate and the exposure time were 512 X 128 pixels, 8,510 fps, 15s for Miro eX4, and 512 X 256, pixels, 20,000 fps, 4 s for Miro M310, respectively. The impact condition was estimated by comparing two continuous frames just before the impact taken by the high-speed video camera. The estimation error mainly depends on the image blur during the exposure time, and was less than 10%. The impact velocity vector was normal to the target surface in all the cases. The impact velocity was controlled by the pressure in the high-pressure chamber (0.3MPa-1.0MPa). However, the uncertainty in the angle of attack, which is defined as the angle between the velocity vector and the body axis, at the impact is large, because it is sensitive to the condition at the sabot separation. Consequently, the variation in the angle of attack at the impact was obtained by the experimental uncertainty in it. The stop condition of the penetrator was determined from detailed observation of the target after the experiment.
Ballistic Range Experiment

Experimental facility and models
In the present study, the test chamber was at the atmospheric pressure and temperature. For design and development of the flight model, experiments in the lowtemperature vacuum chamber 11) are necessary to simulate the actual environment of an icy object for exploration, because the strength of ice depends on the temperature. 12) Figure 2 shows the shape of the experimental model. The length and the diameter were 27 mm and 6 mm, respectively, which correspond to about 4 % of those of the LUNAR-A penetrator. The mass of the experimental model was 2.6 g. The center of gravity was located 43.5 % of the length from the nose tip. Like a body moving in the air, the force acting on the penetrator is expected to be relaxed by setting a bleeding device to allow the target material to flow in it, resulting in the enhancement of the stability in the attitude 7) as well as the increase in the penetration distance. The flow-through circular duct of 2 mm diameter was set from the nose tip to the base of the body. We have tested various nose shapes (ogive, cone, inverse-cone) with and without the flow-through duct. 7) In the present study, the results for the body shape shown in Fig. 2 are selected to develop the analysis model, because the experimental data are available for a wide range of the velocity and the angle of attack at the impact. Figure 3 shows a series of snapshots from a movie of a typical successful penetration taken by the high-speed camera at 8,510 fps. The penetrator horizontally flew from the left to the right. The velocity and the attack angle at the impact were 305 m/s and 0.6 deg, respectively. Just after the impact, a crown-shape of fragmented ice pieces was formed as often seen in the case of the regolith. After that, the outward normal jet-like stream of crushed ice pieces continued for a long time over 100 ms. Both the outward flow and the slippery nature of the ice surface make the penetration into ice more difficult than in the case of regolith, because the penetrator is easily bounced back without being gripped in the icy target. Figure 4 shows a typical photo of a crater made by the penetrator. As shown in 3), the crater was composed of the pit and the spall, which is a shallow hole surrounding the pit. Unlike the case of regolith, the rim, which is a ring of the hill surrounding the crater, was not formed on the icy target. In the case of successful penetration, the penetrator stopped under the bottom of the pit. The penetration distance was defined as the distance measured from the impact point to the stop position of the nose tip along the trajectory. It was experimentally estimated as the summation of the body length and the distance between the impact point and the tail of the penetrator. The estimation error was about 5 mm. The estimation error for the stop angle mainly depends on the setting error of the protractor, which must be set along the body axis, and was expected to be less than 5 deg.
Experimental results
The trajectory inside the icy target can be visualized by pouring plaster into the crater and taking it out after the plaster has been solidified and the ice disappears due to melting. Figure 5 is a typical example of successful visualization of the penetration trajectory. The velocity and attack angle at the impact were 305 m/s and 0.6 deg, respectively. In the case of the impact at a non-zero angle of attack, the trajectory is inclined after the impact. The difference between the angle of the trajectory at the impact and that after the stop increases with the angle of attack at the impact. As the penetrator moves in the target, the angle of attack is decreasing from that at the impact. Finally the penetrator moves almost straight at a zero attack angle until it stops. 
Analysis Model of Penetration Dynamics into Ice
The analysis model to simulate the motion of the penetrator in the icy target has been developed based on that for the LUNAR-A penetrator using the shock wave analogy. 9) For simplicity of the analysis, we neglect the out-of-plane motion and only consider the two-dimensional motion as shown in Fig. 6 . The removal of crushed ice pieces by crater formation is not considered. In the present calculations, the impact angle, which is defined as the angle between the impact velocity vector and the surface of the target, is 90 deg.
The forces and moments on the body are calculated by the panel method, where the body surface is divided into a finite number of panels as shown in the upper left insert of Fig. 6 . The number of the panels is 55 (longitudinal) X 37 (circumferential). The increase in the number of the panels double in both directions only causes small change (less than 1%) in the computed penetration distance and stop angle.
The total forces and moments are obtained by summation of the local force acting on each panel over the surface. The force acting on each panel is estimated under the assumptions: 1) The colliding velocity of ice on each panel is calculated by the superposition of the translational velocity and the local rotational velocity around the center of gravity:
where Cpd (0≤ Cpd ≤1) controls the efficiency of the damping against the pitching motion of the penetrator. 2) The force is acting only on the panel facing the windward direction. In the flow-through duct, the ice moves along the surface and no force acts on it.
3) The tangential friction force is neglected because the surface of the ice is slippery. 4) The normal force is calculated from the normal component VN of the colliding velocity as follows.
The normal force per unit area FN is determined by both the strength of ice St and the dynamic pressure of the colliding flow of ice pieces as described by Eq. (2):
where 0 is the density of ice (910 kg/m 3 ). The strength of ice is described by:
(3) Eqs. (2) and (3) assume that the force from the ice is constant in low speed regime at the normal velocity lower than Vst (=10 m/s in the present study). The effect of the ice strength is only considered in the nose part of the body to avoid appearance of the gripping force on the surface of the cylindrical part during low angle-of-attack motion.
Crushed ice pieces move in accordance to the motion of the penetrator. Compression occurs in front of each panel of the body. We assume the analogy to the one-dimensional running shock wave driven by the piston moving at VN as shown in the lower right insert of Fig. 6 . The propagation velocity of the shock wave Vsh is given by: 10) V sh  c  s V N .
(4) Considering the conservation of mass and momentum across the shock wave:
the pressure rise p behind the shock wave is given by:
The parameters c and s are calculated from the bulk modulus K by: 10) c  K / , s (dK / dp 1) / 4 .
Considering the definitions of the volume strain  and the bulk modulus:
the parameters c and s are given by:
Note that c represents the speed of sound of ice during the penetration. From Eqs. (2) and (6), the normal force coefficient is obtained as:
However, it seems more appropriate that the force coefficient is considered as a function of the reference velocity, which is common in the entire flow field at each instant, rather than that of the local velocity, because the local property should be considered in the framework of the whole flow field of crushed ice pieces around the penetrator. Instead of Eq. (10), we use the instantaneous translational velocity of the penetrator as the reference velocity: 9) 
The pressure in ice is given as a function of the density. For simplicity of analysis, we assume the linear relation:
where ceff is the effective speed of sound, which represents the average through the change in the state of ice from a single solid block to a pack of fragmented fine ice pieces. From Eq. (9), c and s are calculated as:
Consequently, the present model includes two parameters, that is, the pitch damping efficiency Cpd and the effective speed of sound ceff, which must be determined by fitting to the experimental data. 
Numerical Analysis of Penetration Dynamics into Ice
Determination of model parameters
The penetration distance and the stop angle are sensitive to the effective speed of sound and the pitch damping efficiency, respectively. First, we determine ceff by fitting to the experimental data on the penetration distance. After that, Cpd is determined to reproduce those of the stop angle.
The variation of the computed penetration distance with the effective speed of sound is shown for three different impact conditions in Fig. 7 . To determine ceff, the experimental data with small angles of attack at the impact are selected. The effect of the pitch damping efficiency is small, and the best-fit value of ceff is determined for Cpd=1.0. The best-fit value decreases with the increase in the impact velocity. Such a tendency seems reasonable, because the fragmentation of ice becomes more significant for the impact at higher velocity. The porosity increases with the degree of fragmentation, and the speed of sound decreases with the increase in the porosity. We assume that the effective speed of sound depends on the dynamic pressure at the impact, which represents the magnitude of the impact. Figure 8 shows the variation of the effective speed of sound with the impact dynamic pressure, and we obtain the linear model: Figure 9 shows the variation of the computed stop angle with the pitch damping efficiency. Apparently, larger stop angle is obtained for lower damping efficiency. The best-fit value seems to depend on the impact condition. However, a relation to determine this value has not been clearly found in the present study. We use the constant value of 0.65 for the pitch damping efficiency.
Comparison with experimental results
The comparisons between the computed results using the above fitted parameters and the experimental data are shown in Fig. 10 for the penetration distance and in Fig. 11 for the stop angle. Their agreement seems satisfactory for the preliminary study. The typical computed trajectory is shown in Fig. 12 . It is successfully simulated by the present model that the penetration trajectory inclines after the impact at a finite attack angle and that the penetrator moves straight at zero angle of attack before the stop as already seen in the experiment (Fig. 5 ). It is remarkable that the analysis model developed for the regolith becomes effective for ice by appropriately setting the model parameters, though the physical properties of the regolith are different from those of ice. It has not been clarified whether the model parameters fitted for the shape in Fig. 2 are still effective for different shapes, or not. The applicability of the present model for the variation in the body shape should be confirmed in the future work.
Feasibility of ice penetrator of LUNAR-A size
Finally we consider the penetration dynamics into an icy object for the flight model with the size similar to the LUNAR-A penetrator. The shape of the body is defined by enlargement of the experimental model shown in Fig. 2 with a factor of 25. The mass distribution profile is assumed to be similar. We obtained an assumed flight model of the ice penetrator with the mass 14.9 kg, the length 67.5 cm and the diameter 15 cm. The impact velocity is 300 m/s, which is the same as the nominal one for the LUNAR-A penetrator. Figure  13 shows the time history of the axial and normal G's at the center of gravity for the impact at the angle of attack 5 deg. In this case, the computed penetration distance and stop angle are 92.3 cm and 34.7 deg, respectively. The base of the penetrator is located 28.2 cm below the horizon. Considering the formation of the crater, the base of the penetrator is expected to be sticking out of the ice surface, and such a situation is convenient for the communication with the mother spacecraft flying over the penetrator. If the base is still under the ice surface, an additional device like a deployable antenna or a detachable antenna left on the surface becomes necessary. The maximum axial G is about 8800. This is not so large in comparison with the case of the LUNAR-A penetrator, for which the maximum G was estimated to be in the level of 5000 to 10000. 8) Considering the above analysis result, the development of the ice penetrator seems to be possible based on the technology for the LUNAR-A penetrator.
Conclusion
In the present study, the empirical analysis model describing the penetration dynamics into ice has been developed using the experimental results, where the ogive/cylinder projectiles of the mass about 2.6 g were tested by the ballistic range at the impact velocity 100-350 m/s. The major conclusions are as follows:
1) The analysis model to describe the force acting on the body surface has been developed, based on the panel method and the shock wave analogy. 2) Fairly good agreement with the experimental data on the stop conditions was obtained by appropriately tuning the two parameters representing the effective speed of sound of crushed ice pieces and the damping efficiency of the pitching motion of the penetrator. The applicability of the model parameters that fit one shape to different shapes should be assessed in the future work. 3) Due to the fragmentation of ice, the fitted value of the effective speed of sound of ice becomes smaller than that of the solid ice, and depends on the dynamic pressure at the impact. 4) The penetration dynamics into icy target is analyzed assuming the flight model with the size similar to the LUNAR-A penetrator, that is, the mass of 14.9 kg, the length of 67.5 cm and the diameter of 15 cm. The computational results on the stop condition and the maximum G are not far different from those of the LUNAR-A penetrator. Consequently, the ice penetrator can be developed based on the existing technology for the LUNAR-A penetrator. 
